R esearchers in the biological and chemical sciences are undertaking cutting-edge experiments aimed at inventing fundamentally new sources of renewable energy, from the smallest microorganisms found in volcanic hydrothermal vents to common bacteria, turpentine, and tobacco. These efforts are receiving a significant boost from the federal government. In what he called "our Sputnik moment," in his January 2011 State of the Union speech, President Obama likened current environmental and technological challenges to the situation in 1957 when the Soviet Union startled the United States by being the first to send a satellite into space. The United States responded with an energized space and military initiative to recoup scientific and technological leadership. The president called for a similar push in research for biomedical and information technology "and especially clean energy technology-an investment that will strengthen our security, protect our planet, and create countless new jobs for our people."
The president's goal is to reinvent energy policy. "We're issuing a challenge," he proclaimed. "We're telling America's scientists and engineers that if they assemble teams of the best minds in their fields and focus on the hardest problems in clean energy, and rethinking the fundamentals of energy of the biosphere, whereby solar photons enter the Earth's atmosphere and stimulate organisms to convert carbon dioxide (CO 2 ) into new energyrich compounds. "For us, energy is about doing chemistry, storing energy in chemical bonds," explained Eric Toone, ARPA-E's deputy director for technology and director of its Electrofuels program. "But the chemical reactions we want to do to accomplish this are very difficult.… Nature, on the other hand, has incredibly elegant and powerful solutions that chemists have yet to replicate. It is in this sense very helpful to borrow from biology. The chemistry we need for energy inevitably takes us to the doorstep of biology."
The carbon fundamental: Writ large and small From molecular activity up through biosphere dynamics, the biology of energy depends on carbon. Carbon is also a key player with enzymes such as carbonic anhydrase that can potentially capture CO 2 emissions from burning fossil fuels.
At the macro level, the carbon cycle, which transfers carbon through the Earth's atmosphere, oceans, landmasses, freshwaters, sediments, and organisms, supports the energy system we'll fund the Apollo projects of our time."
To that end, the Advanced Research Project Agency-Energy (ARPA-E) of the US Department of Energy awards grants to innovative clean-energy programs. Activated with stimulus funding in early 2009, ARPA-E enjoys bipartisan support and has awarded over $520 million to approximately 180 projects, many of them university based.
ARPA-E is modeled after the US Department of Defense's Defense Advanced Research Projects Agency (DARPA), which was instituted as a response to Sputnik. ARPA-E funds future-oriented, high-risk energyresearch ventures that have the potential to transfigure the energy sector. After demonstrating advances that will mesh with the current energy infrastructure, these projects could then ideally attract investors who would bring the innovations to market. Administration officials hope that even a few ARPA-E successes could transform energy in the United States, much as DARPA changed the nation by spawning the Internet, NASA, and new scientific understandings.
ARPA-E is about energy, but for some of its key areas of focus, the program turns to biology. Researchers are going back to biology basics Feature a prime focus. From an industrial energy standpoint, photosynthesis does not perform optimally: It captures a fraction of solar energy, creates intermediate products requiring further conversion, and supports plant growth that is not usable for commercial energy production. Growing crops for biofuels also requires much land, water, and fertilizer and displaces food crops, which contributes to rising food prices.
ARPA-E included biomass projects with its first awards, and in 2011, it augmented its biomass and photosynthesis focus by initiating its 11th concentration-specific program, PETRO (for plants engineered to replace oil). PETRO's goal is "to create plants that capture more energy from sunlight and convert that energy directly into fuels." PETRO director, chemist and biotechnology expert Jonathan Burbaum pointed out that photosynthesis adequately serves the plant's needs but that "in PETRO, we are trying to get photosynthesis to produce biofuels directly that provide more of what we need and to use the existing energycapture process to put more energy into fuel." He added, "It's about avoiding a 'feedstock-conversion' process, where of the biosphere. Fossil fuels, in fact, are emblems of the varied pace of the carbon cycle: They are the remnants of carbon-based organisms, compressed over eons into dense, energy-rich matter.
"You can look outside, and the trees you see are an indication of biology's dominance in today's carbon cycle. And burning fossil is really burning yesterday's biology," said chemical engineer Curt Fischer, who participates in an ARPA-E electrofuels project involving Escherichia coli bacteria. "So biology has great energy conversion machinery. The challenge for engineers is to tweak the biology to do the chemical conversions we are interested in."
At the micro level, it is the biological "pathways" from which the energy conversion opportunities arise. These pathways are basically the chain of chemical processes that ultimately add electrons to carbon forms, such as the well-known Calvin cycle of photosynthesis, by which CO 2 is transformed to energy-enriched organic compounds in plants, algae, and some bacteria. Toone explained that the ARPA-E effort with pathways first engages with the difficult question of how to form carbon-carbon bonds "to produce specific chemical products in high yields"-products such as sugars and acetic acid, both biofuel sources. Nature addresses this challenge, Toone said, "not through a single step, but through complex series of individual steps that together form pathways."
Another difficult and essential question is how to transfer energy-related pathways across organisms without upsetting their metabolism. On this question, recent scientific understanding and new technologies have offered real breakthroughs. "The marvel of modern synthetic biology is the ability to truly incorporate-as opposed to merely transplanting-these pathways in a way that results in actual function and throughput," said Toone.
"It is all about pathways and understanding them," agreed University of Massachusetts microbiologist Derek Lovley, whose ARPA-E project is to electrically stimulate microorganisms to directly excrete a fuel. "You are asking an organism to do something it has not evolved to do. How will this affect other aspects of the organism?"
Because of advances in genomics and in computer technology, researchers are able to predict what will happen to an organism's metabolism as genes and pathways are manipulated and to conduct experiments to rapidly simulate evolution and come up with molecules and organism forms that are most promising. Similarly, North Carolina State Biotechnology Program director and chemical engineer Robert Kelly leads an ARPA-E fuels project in which he works with archaea (single-celled organisms) and investigates recently understood carbon-fixation pathways called 3-HB and 4-HB. "These pathways represent a new route to fix CO 2 into higher value products. We are just learning about them and are currently trying to assess their energetic efficiency compared to the Calvin cycle," Kelly said.
Starting with photosynthesis: PETRO Although microorganisms offer exciting possibilities for clean energy, plants for biofuels-from tobacco to sorghum-may also be ripe for innovation, with photosynthesis being Importantly, PETRO, as do ARPA-E projects in general, factors in technological-economic considerations for its overarching goals and projects. Burbaum said that the goal is for PETRO projects' crops to be "twice as good" as corn ethanol is today. "We have a real-world example of [an] economical biofuel, and that California, Berkeley, to transform E. coli bacteria into a producer of high-quality biofuel. Gingko BioWorks' Curt Fischer noted that even with the well-known E. coli, much searching, matching, and synthesizing is needed in order to transform it to a fuel-producing organism. To address the complexity of changes involved in the process, Gingko BioWorks uses advanced robotics and custom software tools. "We take all the genes and pathways we need from [all different kinds of organisms] and rebuild them from the ground up in a well-known host organism, or chassis. The E. coli genome serves as a chassis structure." For example, for the carbon-fixation and internal electric pathways enabling E. coli to produce a usable fuel, Fischer and his team reviewed 300-500 different enzymes and have narrowed the group down to between 60 and 80 enzymes to integrate into the E. coli chassis.
The University of Washington team in this electrofuels project has a special focus on pathways that are informed by synthetic chemistry. Biochemist Justin Siegel of The Baker Laboratory at the University of Washington explained that they are not involved with synthetic chemistry for a whole organism but are, rather, learning from synthetic chemistry to help engineer a completely synthetic pathway, optimized for the production of a is cane ethanol in Brazil," he said. "Sugar cane in Brazil is roughly as energy efficient as corn in Iowa, but it yields more energy per season, in part because it has a growing season that is two to three times longer." This emphasis on technological-economic considerations is especially important for biofuels, because they are produced within the US agriculture sector, which is adept at bringing research innovations to market and watching trends and policies for national and international commerce.
Burbaum is hopeful that the PETRO consideration of technological and economic factors and the driving research focus on the "energy-metabolic pathway connection" could eventually address the resource and environment questions that worry many. "Agricultural biotechnology for energy applications might have even more impact on society than disease-based biotechnology has had on human health," he said, "in this case coming up with a more-directed biotechnology solution to a very important human problem: that of energy and the energy-food nexus."
Microorganisms: Tomorrow's fuels for today's infrastructure In contrast to PETRO, with its focus on plants, ARPA-E's "Electrofuels" program is concentrated on microorganisms that can potentially convert CO 2 into liquid fuels. The targeted fuels are to be ready for use with the current transportation infrastructure.
For Toone, the electrofuels approach "is designed to overcome the fundamental limitations of photosynthesis, which restrict the fraction of solar radiation that can be converted and stored in chemical bonds. Several of the approaches we are considering could greatly exceed these levels-perhaps by tenfold or more-without the need for other precious resources, such as arable land, water, and fertilizer."
In one electrofuels project, the Massachusetts-based biotechnology company Ginkgo BioWorks teams with researchers at the University of Washington and the University of Tobacco is among the plants that have potential as a source for biofuels. Photograph: Hendrik128.
A scientific depiction of the Escherichia coli bacterium, a target host species for an electrofuels product. Like many organisms, E. coli also contains the carbonic anhydrase enzyme, which may be used in carbon-capture technology.
Image: PyMOL v. 0.99.
Feature
interacting with electrodes" from his team's earlier work with research offices in the US Navy and the US Department of Energy. In contrast to the bioremediation work, in this ARPA-E project, the microorganism receives electrons instead of giving them off. The organism is attached to a cathode and uses CO 2 as an electron receptor, ultimately producing acetyl coenzyme A by way of the Wood-Ljungdahl pathway for carbon fixation. The Lovley lab also made key genetic-manipulation advances so that the organism will directly excrete butanol instead of an intermediary acetate product.
Lovley's team searched through 20 organisms to select the 2 most promising: Sporomusa ovata and Clostridium ljungdahlii¸ both soil bacteria. At this point, according to Lovley, a central goal of the project is to evolve these organisms so that they are better suited for large-scale acetate production. Adapted evolution is the means here, which instigates and processes mutations and changes for the whole organism. Lovley's lab is also working on the cathode material best designed to fit with the microorganism.
In addition to a reduction in CO 2 emissions, Lovley points to the inherently sustainable nature of this electrofuels project, which does not use up land and water. "That is why electrical energy put to a microorganism directly producing a fuel excreted from the cell is a good approach to the energy future," say Lovley, "including in terms of the scales needed and waste conserved."
Carbon capture with nature's enzyme In addition to clean fuels, biology also inspires investigations into capturing CO 2 from industrial emissions. As part of ARPA-E's IMPACCT (Innovative Materials and Processes for Advanced Carbon Capture Technologies) program, the California biotechnology company of Codexis leads a project focusing on a group of enzymes found in nature-carbonic anhydrases-for carbon capture.
To complement the host's hydrogenases pathway, Kelly's team looks to transplant the carbon fixation pathway from another archaeon from the Metallosphaera genus. The Metallosphaera organism is also found in Italy, in the hot thermal-emission areas around Mount Vesuvious. Importantly, the extremophile organisms used in this project bring with them durability to strenuous and high-temperature settings, which is helpful for rigorous energy-production processes.
The biological investigations go well beyond these two organisms. Kelly estimates that this microorganism energy-generation project currently entails approximately 20 foreign genes inserted into the host organism, with "16 genes encoding 13 enzymes for [the] CO 2 fixation pathway."
Microbiologist Derek Lovley of the University of Massachusetts leads another unique electrofuels project that uses an outside electrical charge from a cathode to stimulate a microorganism's production of butanol. This focus builds from Lovley's work with bioremediation-in particular, of uranium in wastewater. Lovley also points to important background research pertinent to his project on "current production by microorganisims single molecule. Siegel explained that although "this is not a robust pathway used for growth in many conditions, it is a highly efficient pathway that will be optimized solely for use in the bioreactor" for fuel-molecule production.
Robert Kelly leads another electrofuels project in which he works inten sively on carbon-fixation and electricity-supply pathways but with a host from the Archaea kingdom of single-celled organisms. This organism, Pyrococcus furiosus, is found in the hot thermal submarine springs of Italy's Vulcano Island, and is considered an extremophile because of its adaptation to hot and biologically difficult settings. The goal of this project is for the organism to automatically source electrons from hydrogen gas and then, through pathways, convert CO 2 to a high-energy carbon compound, probably butanol.
Pyrococcus furiosus is especially amenable for this project's operations because nature has already given it a hydrogenases pathway, the automatic set of reactions for acquiring electrons from hydrogen. For this complex aspect of the metabolic process, Kelly credited the hydrogenases work of his longtime collaborator and project participant, biochemist Michael Adams of the University of Georgia.
Electrofuels researchers work on carbon fixation using single-celled organisms, such as Pyrococcus furiosus, found in the submarine hot springs of Italy's Vulcano Island. Photograph: Haneburger.
They can work at low temperature and pressures as well as high, and this is an advantage," explained Fradette. "This biological component will use less energy, be less toxic, and make energy greener." Cleaner, more-efficient energy-that is the goal of ARPA-E. For this goal, ARPA-E's biological-related projects look to the future, but they also turn deep into nature for ideas, resources, and new paradigms. "We are turning to biodiversity so that we can take from nature elements that can be used to solve the energy challenge-high yields and environmentally friendly (green) approaches," said electrofuels project leader Robert Kelly. "We have a current plan in process but are keeping our eyes open for strategic ways to do things even better."
Richard Blaustein, Esq., (richblaustein@ hotmail.com Carbonic anhydrase, which interconverts-or mutually converts-CO 2 and bicarbonate, is found in humans (transmuting CO 2 and then reforming it for respiration out of the body) and is also present in various forms in many organisms. Carbonic anhydrase's interconversion function is especially promising, because the carbon-capture scenario involves first absorbing the emitted CO 2 in a solvent and then desorbing it to flow into a carbon-sequestered end product. "We knew we had a big opportunity for carbon-capture solutions with carbonic anhydrase," explained project leader and biochemist Jim Lalonde of Codexis. "One carbonic anhydrase molecule can convert one million CO 2 molecules every second." He added that "carbonic anhydrases are among the fastest enzymes in nature."
In this project, Codexis partners with the Quebec City-based company CO 2 Solution. Chemical engineer Sylvie Fradette, who has researched carbonic anhydrase since 1998, leads CO 2 Solution's investigations of the enzyme for carbon capture. "At first, we learned a lot from the medicalfield and human-biology understandings of carbonic anhydrase," she said. "We gained additional information as we looked at the use of the enzyme for industrial processes. Later, at CO 2 Solution, we developed different ways of using it in immobilized forms, attaching the enzyme to solid support, and [we] made it more stable, with the enzyme being more active, and applicable for carbon capture." Fradette also highlights carbonic anhydrase's ability to work with different types of solutions that are "less toxic overall than conventional solvents."
Even with carbonic anhydrase's relative durability, challenges remain as to the enzyme's "working under the extreme alkaline and thermal conditions found in emission-capture systems," according to Lalonde. In response, Lalonde has led a directed-evolution process to strengthen the stability and durability of carbonic anhydrase under these stresses. The directed-evolution method is a sophisticated process for offering genetic diversity for subsequent selection and recombination processes that create new and strengthened carbonic anhydrase composites. So far, Lalonde is encouraged, because his team's carbonic anhydrase has remained intact and durable at previously destabilizing temperatures. He reports a "greater that [a] millionfold increase in stability." "They are going very fast evolving the enzyme, improving it for carbon capture," said Fradette.
With advances in carbon capture, scientists and investors should be eager to present these developments to carbon markets. However, a robust nationwide cap-and-trade carbon market, which was anticipated a few years ago, has been indefinitely delayed, and this cannot have a positive effect on implementing and incentivizing promising carbon-capture innovations.
But there are other sources of encouragement for the research. For example, Fradette and Lalonde both point to a bioremediation-spinoff application for carbonic anhydrase that has already received corporate interest.
Moreover, the fundamental reasons for advancing carbon-capture and enzyme research remain. "Biocatalysts might play a large role in the future. 
